Childhood lead (Pb) poisoning remains a global issue, especially in industrial areas. In this study, 115 children with average age 5.7 years were recruited as either patient diagnosed with Pb poisoning or controls at Xinhua Hospital in China. The subjects' bone Pb was measured with a Kshell X-ray fluorescence (KXRF) and a portable X-ray fluorescence (XRF) system. A significant correlation between KXRF bone Pb and blood Pb and portable XRF and KXRF measurements were observed. The half-life of blood-lead was calculated to be 9.96 ± 3.92 d. Our results indicate that bone is a useful biomarker for Pb in children.
Introduction
Despite strict standards for lead (Pb) use in many countries, childhood Pb poisoning remains a worldwide issue. This problem is more prevalent in heavily industrialized areas. China, in particular, presents unique exposure issues: pollution, alternative medicines with large amounts of Pb used to treat various diseases and ever-increasing consumer and industrial usage of Pb-containing products. The risk of Pb exposure to children has been well documented (Fadrowski et al., 2010; Wang et al., 2012) . Recent studies show that Pb exposure results in significant decline in intellectual ability even at low-levels, and that the Pb associated intellectual decrement was steeper at low blood Pb levels than at higher blood Pb levels (Canfield et al., 2003; Jusko et al., 2008; Lanphear et al., 2005) . These studies use blood Pb as a biomarker, which assesses recent exposure and has a half-life of about 1 month (Leggett, 1993) . Bone Pb, which has a half-life of years to decades, serves as a cumulative biomarker (Rabinowitz, 1991) . Cd-109 based K-shell X-ray fluorescence (KXRF) has been used to study bone Pb for over two decades, but not many studies have been performed on children using a bone Pb biomarker, and the studies that do exist have a relatively high uncertainty and were not able to detect bone Pb in most of the subjects due to the high uncertainty of the conventional bone Pb measurement system (Behinaein et al., 2014; Nie et al., 2011b) . There is a significant gap in understanding children's bone Pb measurements and their relationship to blood Pb, as well as the usefulness of bone Pb as a biomarker for Pb exposure and toxicity among children, which are addressed in this paper. The purposes of this study are: (1) to measure bone Pb concentration in a pediatric population; (2) to assess the usefulness of bone Pb as a biomarker for children; (3) to validate the use of portable XRF for bone Pb measurement among children and (4) to explore bone and blood Pb biokinetics in children.
Materials and methods

Study population
The study participants were Pb-exposed children and controls recruited through Xinhua Hospital, Shanghai Jiaotong University, China. The Pb-exposed group was recruited from children who were diagnosed as Pb poisoned with blood Pb levels >25 µg/dl. Some of these children had already undergone multiple treatments prior to our first measurements. The controls were recruited from children who visited the clinic for non-Pb-related diseases. The parents of the subjects completed a questionnaire, and the subjects had their blood samples taken, and their bone measured for Pb concentration using an advanced cloverleaf Cd-109 KXRF as well as a portable X-ray fluorescence (XRF) system. Blood Pb was also measured for these children. Some of the Pb-exposed children were treated using ethylenediaminetetraacetic acid (EDTA) chelation.
The study received Internal Review Board approval from Purdue University and Xinhua Hospital. When recruited, a trained research assistant would present the subjects and their parents with the details of the study and the consent forms. Signed consent forms were received from the parents of each subject, as well as an assent form from any child age 7 or older.
KXRF bone Pb measurement system
The KXRF bone Pb measurement system was used to measure tibia bone Pb as a metric of each individual's cumulative lead exposure. The setup was the same as used in previous studies (Nie, 2005; Nie et al., 2004; Specht et al., 2014) . The system uses four 16 mm diameter high-purified germanium detectors with 10 mm thickness, four feedback resistance pre-amplifiers, four digital signal processing systems and a computer. A 135 mCi Cd-109 source with 0.8 mm copper filter is used to irradiate tibia bone to produce the Pb K X-rays.
Before measurement, the subjects' legs were cleaned using alcohol and EDTA cotton swabs to remove any Pb contamination. For the KXRF measurement, the subject would sit on a wooden chair. The subject's leg was immobilized by using two Velcro straps to attach their leg to the leg of the chair at the ankle and just below the knee. The measurement site was mid-tibia with the source at a distance to maintain ~30% dead time during the measurement. The measurement was taken for 30 min while the subject watched a movie. Finally, the spectra were analyzed using an in-house peak-fitting program, which gave results and error for each of the four detectors (Bevington & Robinson, 2003; Nie, 2005; Somervaille et al., 1989) . This error and result was combined using inverse variance weighting (Todd, 2000) . XRF provides a point estimate of Pb concentration, which can be negative if an individual's bone Pb is close to zero. It is important to include these negative values, as with their associated uncertainties they are still a point estimate of that individual's bone Pb.
The whole body effective dose delivered to the subject from this system was estimated to be less than 5 µSv for this population (Nie et al., 2007) .
Portable XRF device
The portable XRF device used in this study was a customized device manufactured by Thermo Fisher (XL3t GOLDD+, Thermo Fisher Scientific Inc., Billerica, MA). The device specifications and optimization were discussed in a previous study (Specht et al., 2014) . We used 50 kV and 40 µA settings with silver and iron filter combination for the X-ray tube. The subject's measurement site was cleaned before each measurement the same as before the KXRF measurement. We again chose the measurement site to be mid-tibia. In placing the device on the subject's leg, we used non-Pb-based ink to make a dot on the measurement site. This dot could then be found using a camera mounted in the head of the portable XRF, which ensured a consistent measurement location. The subject's leg was held horizontally with their foot resting in the operator's lap during the measurement. In this study, we used a measurement time of 2 min. The spectra were analyzed using traditional peak fitting as described in detail in our previous work (Specht et al., 2014) . Based on our previous study, by adjusting values for increased measurement time and tube current, we estimated the entrance skin dose of the system was 21 mSv to a 1 cm 2 area and the whole body effective dose was 2.4 µSv (Nie et al., 2011a) . This can be compared to the whole body effective dose for a standard AP chest X-ray of about 100 µSv.
Blood Pb analysis
The blood of the subjects was collected in a Pb-free environment. We cleaned the subjects' skin using alcohol swabs before sampling. The blood collection tubes along with the EDTA-K2 anticoagulants were measured to be Pb-free before sampling. All the samples were frozen and kept at −80 °C immediately after the collection. Blood Pb concentrations were measured and analyzed by an atomic absorption spectrometer (AAS) (AA900Z, PE) (Liu, 2005) . The sensitivity of our device was 0.01 µg/dl, and inter and intra-assay variability was 5%.
Statistical methods
Linear regressions were used to determine correlation values and levels of significance of relationships between KXRF and portable XRF bone Pb measurements and KXRF bone Pb and blood Pb. The KXRF bone Pb data was excluded from our analysis if the final uncertainty was >10 µg/g. This would indicate an excessive amount of movement during the measurement or a measurement taken for less than 30 min. Portable XRF data was excluded if the measurement time was <2 min.
Results
The study had 115 participants (79 male and 36 female), ranging in age from 1 to 14.3 years old with a mean of 5.7± 3.3 years. Of these participants, 86 were Pb poisoned subjects and 29 were controls.
Bone and blood Pb concentrations in the study population
The bone and blood Pb concentrations for the exposed and control groups are listed in Table  1 . The average uncertainty in this study for in vivo KXRF bone Pb measurement was 2.66 ± 1.05 and is shown for each group in Table 1 under Bone Pb Sigma. Blood Pb data shown in this table was taken at the time of the first bone Pb measurement, which for some exposed subjects was after multiple treatments. Figure 1 shows the correlation between bone Pb concentrations obtained from KXRF and blood Pb concentrations using only exposed subjects. No correlation was found in this relationship when using only control subjects, and only a slight negative change in correlation value when using both control and exposed subjects (R 2 = 0.624). The p value of this regression was <0.001. Figure 2 shows the correlation of bone Pb obtained by KXRF versus that obtained by portable XRF using only exposed subjects. Again with this relationship, no correlation was found when using only control subjects, and there was a slight negative change in correlation values when using both control and exposed subjects (R 2 = 0.185). The p value of this regression was <0.001.
Correlation between bone and blood Pb concentrations
Correlation between bone Pb concentrations obtained by KXRF and portable XRF
Bone and blood Pb biokinetics
With the bone Pb and blood Pb concentration data obtained from the study, we can estimate the percentage of bone Pb over the total Pb amount in blood and bone, which are two of the largest Pb storage sites in the human body, as well as the Pb transfer rate between bone and blood. Total bone Pb and blood Pb amount were calculated by multiplying bone and blood concentrations and the bone mineral amount and blood volume. The total bone mineral was calculated from the data shown in Specker et al.'s paper (Specker et al., 2001 ). Specifically, it was calculated using a combination of age, height, weight and other variables as shown in the paper. The age, height and weight of the subjects were collected in our study. The other variables were estimated from the average values corresponding to our age group. The total blood volume for each child was calculated from the data shown in Linderkamp et al.'s paper (Linderkamp et al., 1977) . Specifically, it was calculated using an age-dependent logarithmic model, which relates blood volume to weight, height and a few other variables. Again, the age, height and weight were collected in our study. The other variables were estimated from average values corresponding to our age group. Then, using the 49 subjects that met the previous criteria and had sufficient data to calculate the total body bone mineral content and blood volume levels, we found that total bone Pb on average accounted for 96 ± 5% of total blood and bone Pb burden. The maximum and minimum values calculated for each individual exposed subject were 99.5% and 69.7% total body Pb burden from bone Pb, respectively. Separating the subjects by age, we see larger variation in this value with exposed subjects of 1-3 years old with 92.3±11% bone Pb and exposed subjects 3+ years with 96.5 ± 4% bone Pb.
Throughout the course of the study subjects returned for multiple treatments, there was a time gap of 41.5 ± 30.0 d (minimum: 7; maximum: 97) between these treatments. We can assume that bone and blood Pb had reached equilibrium by the next visit, which then allowed us to calculate an estimated half-life of blood Pb. Possible sources of Pb exposure were removed from these children after their first treatment, so the calculated half-life is expected to be the biological half-life without significant external exposure sources. The bone-remodeling rate for children was calculated from the data shown in ICRP 70 (ICRP, 1995) . We plotted the bone-remodeling rate versus age for children 0-15 years old, fitted the data with second-degree polynomial function and calculated the bone-remodeling rate for each child from the fitted line. Assuming that bone and blood Pb were in equilibrium, that the Pb from other organs to blood is negligible compared to the Pb from bone to blood, and that there was negligible exposure from external sources, the Pb transferred from bone to blood would be equal to the Pb transferred from blood to urine, feces and other organs per unit time. This can be expressed as:
where T BonePb is total body Pb in bone (total bone mineral × bone Pb concentration obtained from KXRF in unit of µg/g bone mineral), T BloodPb is total body blood Pb (blood volume × blood Pb concentrations obtained from AAS), λ BloodPb is the percentage of Pb in blood which would be transferred to urine, feces and other organs per day and λ Bone→Blood is the percentage of Pb in bone which would be transferred to blood per day. Because bone resorption rate represents the percentage of bone that would be resorbed to blood, λ Bone→Blood is equivalent to bone resorption rate, which can be calculated as described before. From these, we can calculate λ BloodPb :
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Author Manuscript where T 1/2,blood is the biological half-life of Pb in the blood. The half-life of Pb in blood can be calculated as Ln (2)/λ Blood Pb . The half-life was calculated for all the exposed subjects that had all the necessary measurements to perform the calculation, which resulted in 13 calculations of the half-life. The data and results for those subjects are shown below in Tables 2 and 3 .
Discussion
The study demonstrated the capabilities of in vivo bone Pb measurement on children. The average uncertainty for the KXRF bone Pb measurement for this population is 2.66 ± 1.05, which is slightly higher than that for an adult population. This is expected because there is an average more fatty tissue in a child's bone and the bone density is lower for a child's bone. The portable XRF has a higher detection limit than the KXRF device used in this study. The detection limit for the portable XRF heavily depends on the soft tissue of the subject and thus varies more throughout the study (Specht et al., 2014 ). An issue associated with the anatomical structure of the bone in children, which is illustrated below, further deteriorated the detection limit for portable XRF.
The correlation between KXRF bone Pb and blood shows a higher slope and stronger rsquared than similar studies with adults (Bleecker et al., 1995; Fleming et al., 1997; Gerhardsson et al., 1993; Nie et al., 2009) . One of the reasons for both these differences could be that children have a higher bone resorption rate, which indicates a more frequent transition of Pb between bone and blood, and hence their bone Pb is more significantly correlated with their blood Pb. The more significant correlation also indicates that for this population the majority of Pb in blood comes from the bone. This is expected since there is a significant store of Pb in these children's bones and children's bones are well known to have turnover rates higher than that of adults.
The portable XRF in comparison to the KXRF results gave a correlation less than what we would expect based on previous observations in adults and lab samples, as well as what we would have expected given the high Pb concentrations in this study. Since KXRF is a gold standard for in vivo bone Pb measurement, the correlation between KXRF and portable XRF demonstrates the limited ability of the portable XRF with current calibration methods to quantify bone Pb in children. In a previous paper, we detailed calibration methods and found the best calibration method as determined by in-lab samples (Specht et al., 2014) . In that study, we found that the best calibration utilized the Compton scattering peak in relation to the soft tissue thickness over bone. This technique, although valid for adults, has complications with children. The Compton scattering peak is much larger than anticipated with children and thus overestimates soft tissue thickness and background from our spectrum. We attribute this to differences in composition and structure of the bone in children. Although our phantoms are designed to give accurate calibration for bone in adults, children's bones are different in terms of density and composition which may affect our XRF spectra (ICRP, 1995) . Given this issue, we applied an alternative calibration using traditional peak fitting of the beta Pb peak, which is also detailed in the previous study of the device (Specht et al., 2014) . We chose to do this because when looking at the individual spectrum there was a visible Pb peak in this region with no surrounding elemental peaks for distortion of the signal. Calibration could be improved with proper calibration phantoms to reflect the appropriate anatomy of children's bone. Given the simple calibration of the portable XRF used in this study, future measurements of children using this technology may be feasible, but further investigation on the effect of bone composition and an improved calibration method would be necessary to obtain more accurate results.
The relationships between KXRF bone Pb and blood Pb and KXRF bone Pb and portable XRF bone Pb measurements became slightly more positive when isolating based with only the exposed group. This is because the controls in the study all had values of nearly zero for both blood and bone Pb. The same relationships with only controls show no correlation, which can again be caused by the values being close to zero with uncertainties higher than measured bone Pb values.
The Pb body burden of the children assessed in our study is much higher than that suggested in other studies, which is expected because these children were Pb poisoned (Nie et al., 2011b) . Our proportion of grams bone Pb to grams bone and blood Pb results are in agreement with previous studies of Pb body burden (Barry, 1975) .
Only a few studies in literature investigated half-life of Pb in blood in children (Duggan, 1983; Manton et al., 2000) . The half-life of Pb in blood calculated in our study lies in between results from these previous studies. Manton et al. reported a half-life of Pb in blood ranging from 8-11 months to 2-3 years (Manton et al., 2000) . This study did not isolate bone Pb from blood Pb and thus, may reflect the long half-life of lead in bone since Pb stored in bone would gradually be released to blood endogenously. In addition, because the blood lead levels in those children were relatively low, a continuous external exposure, even at low level, could contribute to a prolonged half-life. Duggan's study reported a much shorter half-life of Pb in the blood of 3.35 ± 1.34 d using blood and urine-Pb data (Duggan, 1983) . However, the data are based on only two subjects. The half-life of blood Pb in our study is calculated from bone Pb and blood Pb data using the best bone and blood parameters we could find from the literature. The data used are the ones taken as far from chelation as possible (41.5 ± 30.0 d after chelation) to reduce the effect of chelation. However, chelation may still affect the equilibrium of Pb in bone and blood at that point of time and hence affect the half-life of blood Pb calculated.
Conclusion
Bone is a major storage site for Pb in children and serves as an indicator of total body Pb burden. KXRF is a viable measure of bone Pb in children with detection limits capable of measuring even environmental exposures. Portable XRF has limitations for bone Pb measurements in children based on calibration, which need to be addressed before being used further in pediatric populations. Bone Pb contributes significantly to blood Pb levels in Pb poisoned children and the blood Pb half-life in children is calculated to be 9.96 ± 3.92 d.
The results from the study indicate that bone Pb may be a better marker for determination of chelation efficacy. KXRF versus portable XRF bone lead. Table 1 Bone and blood Pb statistics for exposed and control subjects. Blood Pb half-life split by age group for exposed subjects. 
